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projections (ruffles), these observations suggest
that uptake of CR1 occurs through a macropino-
cytotic process. Eventually, CR1 concentrate in ly-
sosomal structures. fMLP markedly stimulates this
pattern of CR1 internalization without affecting their
clustering or their lack of association with coated
pits. Stimulation by fMLP is inhibited by pertussis
toxin, unaffected by preventing receptor-triggered
cytosolic free calcium [Ca2"1. elevations, and mim-
icked by phorbol myristate acetate. Taken together
our data demonstrate 1) that, in neutrophils, CR1
is internalized via a coated pit independent macro-
pinocytotic process, dependent on intact microfil-
aments and receptor cross-linking; 2) that, in the
same cells, fMLP is internalized via the classical
coated pits pathway; and 3) that fMLP amplifies CR1
uptake possibly via protein kinase C stimulation.

Introduction

On the surface of phagocytes, C3b receptors (CR1)
bind C3b-coated particles and promote their inges-
tion after activation by appropriate stimuli such as
lymphokines or the chemoattractant formyl methi-
onyl leucyl phenylalanine (fMLP) and fibronectin.
The aims of the present study were 1) to define at
the electron microscopic level the nature of the
process responsible for CR1 internalization and 2)
to dissect the mechanism by which a physiological
activator (fMLP) stimulates this process. CR1 was
visualized either by the immunogold technique or
by quantitative electron microscopic autoradiog-
raphy using a monoclonal anti-CR1 antibody. Both
techniques revealed that after anti-CR1 binding,
CR1 cluster on the neutrophil surface in a time-,
temperature-, and antibody-dependent fashion, but
do not concentrate in coated pits. CR1 internaliza-
tion requires receptor cross-linking (does not occur
in the presence of Fab fragments of anti-CRI) and
intact microfilaments. It results in the association
of the internalized material with large flattened
vacuoles, organized in stacks. Together with the
surface localization of CR1 close to cytoplasmic
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Human neutrophils are highly mobile cells en-
dowed with the capacity to adhere to various
substrates and to sense, move towards (che-
motaxis), ingest (phagocytosis), and kill invading
microorganisms (Pozzan et al., 1983; Malech
and Gallin, 1987; Elsbach et al., 1988; Stossel,
1988). These functions are mediated by several
classes of receptors (adherence, chemoattrac-
tant, and phagocytic receptors) present on the
surface of the cells. Chemoattractant receptors,
which bind molecules such as C5a, formyl me-
thionyl leucyl phenylalanine (fMLP), and LTB4,
are coupled to phosphoinositide hydrolysis,
which leads to an increase of cytosolic free cal-
cium (tCa2+],) and activation of protein kinase
C. In turn, this signaling cascade is thought to
be essential for triggering oriented locomotion
and secretion (DiVirgilio et al., 1983; Korchak et
al., 1984; Lew et al., 1984, 1986a,b; Sklar et al.,
1984; Andersson et al., 1986; Snyderman et al.,
1986; Barrowman et al., 1987). Among phago-
cytic receptors, those for Fc are endowed with
the intrinsic ability to trigger ingestion and met-
abolic responses, whereas complement recep-
tors (i.e., receptors for C3b and C3bi, named
CR1 and CR3, respectively) promote phagocy-
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tosis only in presence of extrinsic molecules
such as fMLP, and fibronectin or of pharma-
cological agents capable of activating protein
kinase C such as phorbol myristate acetate
(PMA) (Wright and Silverstein, 1982; Pommier
et al., 1984; Changelian et al., 1985; Brown,
1986; Unkeless and Wright, 1988).

In the present study, we examined the mech-
anism by which CR1 is internalized and the ef-
fect of chemoattractant receptor activation on
this process. CR1 was tagged by a mouse
monoclonal anti-CR1 antibody or its Fab frag-
ments, and its localization in human neutrophils
over different times of incubation was deter-
mined by quantitative electron microscopic
techniques. We provide direct evidence that, in
these cells, upon CR1 cross-linking, this recep-
tor is not internalized through the classical re-
ceptor-mediated endocytic pathway involving
coated pits, but through a process requiring mi-
crofilament integrity and resulting in the for-
mation of large intracellular vacuoles arranged
in stacks. By contrast, we show that the che-
motactic peptide fMLP is internalized through
the coated pits pathway. These two different
receptors internalized by different routes can
cross-talk since fMLP stimulates CR1 internal-
ization. This transmodulation possibly occurs
through an activation of protein kinase C.

Results

Distribution of CR1 on the surface of
neutrophils
Although some receptors (e.g., transferrin, low-
density lipoprotein) are associated with coated
pits even in the absence of ligands, others (e.g.,
insulin, epidermal growth factor) cluster in
coated pits only after ligand binding. With re-
spect to this second group of receptors, cross-
linking with anti-receptor antibodies has been
reported to mimick agonist binding. In the case
of CR1, neither after 1 h of incubation with 1251
anti-CR1 at 4°C, nor after 7 or 19 min at 37°C
did we find a detectable labeling of coated pits
(Figures 1 and 2). By contrast, a time- and tem-
perature-dependent labeling of coated pits was
detected with 1251 formyl-nle-leu-nle-tyr-lys (1251
fNLNTP), an hexapeptide capable of binding and
activating fMLP receptors and amenable to io-
dination (Figure 2).
The lack of association of CR1 with coated

pits on the surface of neutrophils was verified
using unlabeled anti-CR1 antibody followed, af-
ter prefixation, by an anti-lgG antibody coupled
to colloidal gold (10 nm) (Figure 1): of 645 gold
particles detected on thin sections of neutro-

phils (incubated for 1, 3, and 5 min at 37°C),
only 4 were seen in coated pits. By contrast,
both the autoradiographic and immunocyto-
chemical techniques frequently localized la-
beled anti-CR1 close to thin cytoplasmic pro-
jections (ruffles) (Figure 1). An en face
visualization of the surface labeling was made
possible by the label fracture technique (Pinto
de Silva and Kan, 1984; Carpentier et al., 1985).
Surface invaginations (most of them corre-
sponding to coated pits and appearing as small
elevated craters) remained unlabeled in all con-
ditions studied (Figure 1). The label-fracture
technique also allowed the evaluation of the ag-
gregation state of CR1 on the surface of neu-
trophils. On cells incubated for 2 h at 4°C in the
presence of anti-CR1, washed, prefixed, and
further incubated with anti-lgG gold, most of
the gold particles appeared single, but, pro-
gressively, they clustered as a function of in-
cubation time at 37°C (Figure 1). Figure 3 shows
a quantitation of the aggregation process as a
function of incubation time and temperature. At
40C, 600/o of the gold particles were single, and
clusters of >3 particles were rarely seen. In-
cubation of anti-CR1 antibody-labeled neutro-
phils at 370C resulted in an increase in the per-
centage of particles in clusters of >3. No
difference in the receptor-labeling pattern and
clustering was observed after treatment with
fMLP (10-6 M) (Figure 3). Clustering was not
observed if cells were warmed at 370C in the
presence or absence of fMLP (1 o6 M), prefixed,
and further incubated with anti-CR1 antibody
(data not shown).
An additional argument in favor of the inter-

nalization of CR1 through a pathway different
from the classical receptor-mediated endocy-
tosis involving coated pits was provided by the
inhibition of 1251 anti-CR1 internalization by the
microfilament-disrupting agent cytochalasin B
(Figure 4). On the other hand, 1251 fNLNTP in-
ternalization, which occurs through coated pits,
was unaffected by cytochalasin B (Figure 4).

Internalization of CR1 in neutrophils
To follow the fate of CR1 tagged with anti-CR1,
neutrophils were incubated for 2 h at 40C in the
presence of 1251 anti-CR1, washed, and warmed
for various periods of time at 370C. As deter-
mined by quantitative electron microscopic (EM)
autoradiography, 1251 anti-CR1 was progres-
sively internalized and reached a maximum by

10 min of incubation when 300/o of the radio-
active material was inside neutrophils (Figure
5). When CR1 was tagged with 1251-Fab frag-
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Figure 1. Surface and early intracellular events during binding to human neutrophils of anti-CRI antibody labeled with

"Ilodine (autoradiography, a-c) or anti IgG gold (label fracture, d and e, thin section f). (a-c) Autoradiographic grains
associated with a segment of the plasma membrane surrounded by ruffles (r) in a; with a newly formed vacuolar structure

(vs) in b, or with vacuolar structures deeper inside the cytoplasm in c. 40 OOOx. (d and e) Label fracture replicas of the plasma
membrane of neutrophils incubated in the presence of anti-CRi antibody for 2 h at 40C in d, for 2 h at 4°C, washed, and

warmed at 370C for 15 min in e. The anti-CR1 antibody was tagged with an anti-mouse IgG antibody coupled to colloidal

gold (10 nm). Gold particles are mostly present as singlets at 4°C (arrows in d) and are frequently aggregated following the

37°C incubation (circles in e). Surface invaginations appear as small elevated craters (arrow heads). 83 OOOx. (f) View of a
thin section of the peripheral cytoplasm of a neutrophil incubated as in e except that cells were warmed only for 5 min at
370C. Gold particles mostly appear as singlets (arrows) on the cell surface and in small aggregates (circles) inside the cell.
57 OOOX.
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Figure 2. Association of 1251 anti-CRI (O) and 12l fNLNTP (U) with coated pits on the surface of human neutrophils. Results
are expressed as percentage of the total number of grains associated with the cell surface (250 nm from the plasma membrane)
in each experimental condition. Number of grains analyzed: 1251 fNLNPT: 1 h 4°C: 279; 2 min 37°C: 120; 1251 anti-CRI: 1 h
4°C: 320; 7 min 37°C: 170; 19 min 37°C: 324. The insets illustrate on the left a coated pit with an autoradiographic grain
produced by 1251 fNLNTP and on the right a representative segment of membrane to which 1251 anti-CR1 is associated and
which lacks coated pits.

ments of anti-CR1, there was no significative
internalization of the receptor by 10 or 20 min
of incubation at 37°C (Figure 5). By contrast,
when neutrophils were incubated in the pres-
ence of C3b-coated immune complexes labeled
with 1251odine, their internalization rate and
pathway (see below) were superposable to the
ones observed with 1251 anti-CR1 (data not
shown), providing physiological relevance to the
observations obtained with 1251 anti-CR1.
We have shown previously that the C3b-

coated immune complexes used do not interact
with Fc receptors since a monoclonal antibody
directed against CR1 inhibits immune com-
plexes binding, whereas an anti-Fc receptor an-
tibody has no effect by itself and is not additive
to anti-CR1 (Paccaud et al., 1990). Moreover,
we have determined biochemically that the in-

ternalization rate of 1251-F(ab)2 fragments of our
anti-CR1 antibody was similar to that observed
with intact 1251 anti-CR1 (Figure 6). Taken to-
gether with the fact that murine IgG1 poorly (if
at all) binds to Fc receptors present at the sur-
face of human neutrophils (as verified in our
system with a mouse IgG1 kappa monoclonal
antibody, which does not bind to human neu-
trophils), and the fact that we are applying tracer
amounts of 1251 anti-CR1, these observations
exclude the possibility of anti-CR1 internaliza-
tion through its Fc portion.

Internalization pathway of CR1 in neutrophils
To determine which intracellular structures are
involved in CR1 internalization, we evaluated the
percentage of 1251 anti-CR1 associated with the
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Figure 3. Aggregation of CR1 at the surface of neutrophils.
Cells were incubated with anti CR1 for 2 h at 4°C, washed,
and further incubated for various periods of time at 370C
in the presence (m) or absence (O) of fMLP 1 o-6 M. Surface-
bound anti-CR1 were tagged with anti-mouse IgG coupled
to colloidal gold and the percentage of gold particles in
clusters of .3 was calculated as percent of the total number
of gold particles counted (-1000 per condition). This his-
togram is representative of the results obtained in three
different experiments.

various intracellular compartments at the dif-
ferent incubation times at 4°C and 37°C (see
Materials and methods). These values are rep-
resentative of the labeling changes inside these
compartments because the relative cytoplasmic
volumes occupied by these structures remained
practically unchanged during the whole incu-

bation period (Table 1). After a 2-min incubation
at 370C, 500/o of the autoradiographic grains
overlying the cytoplasm were associated with
large vacuoles, frequently organized in stacks
(Figures 7 and 8). The most peripheral vacuoles
showed continuity with the cell surface but the
deeply located cisternae were clearly discon-
nected. Indeed, after a 2-min incubation at 37°C
with horseradish peroxidase (HRP), followed by
extensive washings of the cells at 4°C and fix-
ation, HRP was washed out of the peripheral
vacuoles but remained trapped inside the inner
ones (Figure 8). These cisternae form stacks
with numerous bulging, coated vesicles (Figure
8). These structures present a general organi-
zation similar to that of a Golgi complex, but
they are clearly distinct from this organelle,
poorly developed in neutrophils, and more cen-
trally located (Figure 7). The association of the
internalized 1251 anti-CR1 with the above-de-
scribed vacuoles and cisternae declined with
incubation time (Figure 9) and the radioactivity
was progressively recovered in multivesicular
bodies and other lysosomal structures (Figures
7 and 9). A similar sequence of events was ob-
served with anti-CR1 tagged with anti-lgG-gold
(Figure 7) (quantitative data not shown).

Effect of fMLP on CR1 internalization
Addition of fMLP by 5 min of incubation at 370C
resulted in a marked increase of 1251 anti-CR1
internalization (Figures 5a and b and 6). PMA
(50 nM), which is thought to specifically activate
protein kinase C, stimulated the internalization
of 1251 anti-CR1 to a similar extent (Figure 10).

Figure 4. Effect of cytocha-
lasin B (10-1 M) on In1 anti-
CR1 and 1-1l fNLNPT inter-
nalization in neutrophils. 1251
fNLNPT being internalized
much more rapidly than 1251
anti-CR1, cytochalasin B was
added 5 min before starting
the incubation with 1251
fNLNPT at 37°C and the in-
cubation times were shorter
than in the case of anti-CR1.
Results are the mean of two
different experiments.
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Figure 5. Effect of fMLP in the presence or absence of pertussis toxin on the internalization of 125" anti-CR1 antibody in
human neutrophils. Cells suspended in calcium medium were preincubated with 250 ng/ml pertussis toxin (e, *) or with
medium alone (0, El) for 2 h at 370C. After washing, the cells were further incubated for 1 h at 4°C with 1251 anti-CR1 antibody.
Following three washings the cells were incubated at 370C for various periods of time. When indicated, fMLP (1 6 M) was

added to the incubation medium (Li, *). The internalization of the radioactive ligand was determined by quantitative EM
autoradiography. Autoradiographic grains were considered to localize internalized material if their center was >250 nm

beyond the plasma membrane. They were expressed in percent of the total number of grains. Open triangles illustrate the
internalization of 1251-Fab fragments of the antibody. Filled triangles illustrate the influence of fMLP (A) or fMLP + pertussis
toxin (v) on the internalization of 1251 Fab fragments of anti-CR1. (A) The pattern of a typical experiment. (B) The results of a

statistical evaluation carried out on three different experiments after 19 min of incubation at 37°C.
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Figure 6. Comparison of the
internalization rate of anti-
CR1 as F(ab)2 fragments and
whole IgG. PMN were incu-
bated 2 h in the presence of
labeled J3D3 [F(ab)2 frag-
ments (0, *), IgG (0, El)],
washed, and warmed for var-
ious period of time at 370C in
the presence (0, 0) or ab-
sence (O, *) of fMLP (1 01 M).
Internalization was measured
after trypsinization to remove
cell surface associated ma-
terial. Data are representative
of three different experiments.

15
TIME (MINUTES)

To investigate whether the stimulatory effect of
fMLP depended on the activation of the signal-
ing cascade triggered by this agonist, neutro-
phils were preincubated with pertussis toxin
(250 ng/ml) for 2 h. By ADP-ribosylating a spe-
cific G regulatory protein, pertussis toxin blocks
signal transduction without affecting fMLP
binding (Brandt et al., 1985; Sklar et al., 1984).
Figure 5, A and B, shows that the stimulatory
effect of fMLP on CR1 -antibody complexes in-
ternalization was completely abolished. By con-
trast, the basal rates of 1251 anti-CR1 internal-
ization and the stimulatory effect of PMA were
unaffected by pertussis toxin (Figure 5, A and
B, and 10).
When CR1 was tagged with 1251-Fab frag-

ments of anti-CR1, fMLP had only a weak stim-
ulatory effect on the internalization of the re-
ceptor which was abolished by pertussis toxin
(Figure 5).

Table 1. Volume densities* of various intracellular
structures in neutrophils after 2-25 min incubation
at 370C in the presence of anti-CR1 t

2 min 25 min
(n = 46)t (n = 50)t

Granules 20.4 ± 1.1 19.2 ± 0.9
Vacuoles 1.7 ± 0.5 1.1 ± 0.2
Multivesicular bodies 2.8 ± 0.4 4.1 ± 0.4

* Volume density = Vv according to Weibel (1969).
t Values are means ± SEM.
: n = number of cell sections analyzed.

Hydrolysis of phosphoinositols caused by
fMLP results in the formation of two second
messengers, diacylglycerol (DAG), which acti-
vates protein kinase C, and lns(1,4,5)P3, which
mobilizes intracellular Ca2". To distinguish
whether increased CR1 internalization was re-
lated to the rise in [Ca2+]i or possibly by acti-
vation of protein kinase C by DAG, fMLP was
added under conditions known to prevent ag-
onist-dependent [Ca2+]i rises [pretreatment with
the Ca2" ionophore ionomycin in Ca2l-free me-
dium containing 1 mM ethylene glycol-bis(B3-
aminoethyl ether)-N,N,NN'-tetraacetic acid
(EGTA) (Pozzan et al., 1983; Lew et al., 1984,
1986a,b)]; under these conditions, protein ki-
nase C-dependent functions are still activable
(DiVirgilio et al., 1985; Pozzan et aL, 1983; Lew
et al., 1984, 1986a,b). Figure 11 shows that the
stimulation of CR1 internalization by fMLP oc-
curred even in the absence of [Ca2+J rises.
Taken together, these results suggest that the
stimulation by fMLP of CR1 internalization is
mediated through the activation of protein ki-
nase C, secondary to phosphoinositide hydro-
lysis and DAG formation.

Discussion

The results described here argue that, in neu-
trophils, a basic difference exists between the
internalization of CR1, which does not appear
to involve coated pits, and the uptake of fMLP
receptors, which occurs through the classical
coated pits route followed by most polypeptide
hormone, growth factor, and transport protein
receptors. This is in contrast to a previous report
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Figure 7. Intracellular localization of anti-CRI coupled to 125'odine or IgG gold in neutrophils. The antibody either tagged
with the radioactive isotope (a, b, and e) or with colloidal gold (c and d) is recovered first in large vacuolar structures (vs)
frequently organized in stacks (a-c) and later in multivesicular bodies (mvb) (d and e); G: Golgi complex. a: 16 QOOX; b:
22 OOOx; c: 51 OOOx; d: 59 OOOx; e: 29 QOOX.

(Abrahamson and Fearon, 1983) where the in-
ternalization of CR1 in neutrophils was de-
scribed to be preceded by its association with
coated pits. Our observation is, however, similar
to that of Detmers et al. (1987) for CR3, the
other complement receptor involved in phago-
cytosis, which was not seen associated with
coated pits on the surface of neutrophils. In ad-
dition to quantitative morphological observa-
tions supporting this conclusion, key evidence
for such a concept is that CR1 internalization
is severely curtailed by the microfilament-dis-
rupting drug cytochalasin B (O'Shea et al., 1985;
Jack et al., 1986, and the present report), which
does not disturb coated pits endocytosis (Wills
et al., 1972; Terris et al., 1979; Salisbury and
Keller, 1983, and present data). Thus it would
appear that in neutrophils, CR1 is internalized

by a macropinocytotic process resembling
phagocytosis. As in phagocytosis, this process
presumably requires the development of cyto-
plasmic projections or ruffles, whose formation
would be sensitive to cytochalasin B. Previous
studies carried out at the optical level suggested
that, instead of forming phagosomes, macro-
pinocytosis leads to the formation of large in-
tracellular vacuoles (Lewis, 1931; Willingham
and Yamada, 1978). This is what we demon-
strated at the EM level: inside the cells, 1251 anti-
CR1 indeed accumulates into large vacuoles
but, in addition, we found the internalized 1251

anti-CR1 closely associated with stacked cis-
ternae, showing a general organization similar
to the one of the Golgi complexes. We showed,
however, that this compartment is clearly dis-
tinct from the Golgi complex. Our 1251-fMLP an-
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Figure 8. Representative examples of the morphology of vacuolar structures. These structures, with which autoradiographic
grains localizing 1251 anti-CR1 are associated, appear as large vacuoles or flattened cisternae organized in stacks (a and b).
After a 2-min incubation with HRP followed by extensive washings, some vacuoles appear free of HRP labeling, whereas
others contain the marker (c and d). This confirms their endocytotic function and suggests that the empty vacuoles maintain
a connection with the cell surface allowing the washing away of the marker. In appropriate plane of sections, the opening of
the peripheral cisternae to the cell surface can be seen (e). Numerous coated vesicles (arrows) are seen in the vicinity of or
budding from these structures (a, b, e, and f). a: 32 QOOX; b: 27 OOOx; c: 41 OOOx; d: 32 OOOx; e: 41 OOOx; f: 32 OOOx.
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relative cytoplasmic volume occupied by granules above 1) with these structures]. Results presented are a pool of the results
obtained from three individual incubations. Number of grains analyzed: 2 min: 109; 5 min: 140; 9 min: 314; 19 min: 304; 25
min: 286.

alogue, although internalized through coated
pits, also ended in this compartment (Gil and
Carpentier, unpublished observation); hence,
these would appear to be a particularly well-
developed form of endosome in which ligand-
receptor complexes internalized by different
routes all converge before being sorted to var-
ious intracellular destinations (Helenius et al.,
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1983; Tran et al., 1987). In the case of CR1,
most of the internalized receptors appeared
eventually in multivesicular bodies and other ly-
sosomal structures.
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presence or absence of pertussis toxin (250 ng/mI). In-
cubation was carried out for 19 min at 370C. The experi-
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Figure 11. The [Ca2"J1 elevation triggered by fMLP recep-
tor activation is not necessary for the stimulation of 1"I
anti-CRI antibody internalization. The cells were warmed
for 4 min either in calcium medium (left), [Ca2"] = 10-3 M,
[this treatment empties intracellular Ca2l stores and pre-
vents fMLP induced [Ca2]i elevation (Korchak et al., 1984;
Lew et al., 1984; 1 986a; Pommier et al., 1984)] or in calcium
free medium + EGTA (right), [Ca2+], = 10-9 M. lonomycin
was added 1 min before fMLP in the cells previously incu-
bated in Ca2l free medium + EGTA (see also Materials and
methods). Cells were further incubated for 14 min at 370C.
These results are representative of those obtained in three
different experiments. Similar results were obtained at two
different time points (4 and 20 min).
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The internalization of anti-CR1 by macropi-
nocytosis is receptor-mediated and specific. In-
deed, neutrophils incubated with 1251 anti-CR1
plus an excess of unlabeled anti-CR1 bind and
internalize only a very small amount of radio-
activity. In addition, by contrast to intact anti-
CR1, Fab fragments of anti-CR1 antibody are
poorly internalized, indicating also that CR1
cross-linking by anti-CR1 antibody (confirmed
by the CR1 aggregation quantitated on label-
fracture replicas) is a key step in the internal-
ization of the receptor in our experimental con-
ditions. Such experimentally induced CR1 cross-
linking could mimick CR1 clustering induced by
physiological ligands such as immune com-
plexes covered with C3b, which are internalized
at the same rate as anti-CR1 antibodies. Ac-
cording to such a model, ligand-induced CR1
aggregation would be one of the first necessary
steps in the sequence of events leading to CR1
internalization by macropinocytosis.
CR1 internalization process can be stimulated

by the chemotactic peptide fMLP as well as by
the pharmacological agent PMA (Changelian et
al., 1985; Turner et aL, 1988, and present data).
Data presented here allowed us to dissect not
only the pathway of CR1 internalization but also
to analyze the signal necessary to enhance the
process upon chemoattractant receptor acti-
vation. They suggest that activation of protein
kinase C by endogenously produced DAG or
other stimulatory signal(s) triggered by fMLP is
what up-modulates CR1 endocytosis. Indeed,
the inhibitory effect of pertussis toxin demon-
strates that the stimulation is due to second
messenger generation, whereas the lack of in-
hibition by blocking receptor-triggered calcium
elevation indicates that a [Ca2+]i increase is not
involved in stimulating CR1 internalization.
Moreover, our data support the concept that
the increase in CR1 internalization does not re-
sult simply from a general stimulation of plasma
membrane uptake, but rather involves altera-
tions in CR1 itself, which is taken up selectively.
We favor this concept for the following reasons:
1) In contrast to 1251 anti-CR1, the internalization
of another surface receptor [1251 fNLNTP at a
concentration (1 07 M) increasing phosphoino-
sitide hydrolysis] was not inhibited by pertussis
toxin (Gil and Carpentier, unpublished obser-
vation); 2) fMLP has a much weaker stimulatory
effect on the internalization of 1251-Fab anti-CR1
fragments than on the internalization of intact
1251 anti-CR1; and 3) fMLP and PMA increased
CR1 internalization to a same extent (see Figure
9), whereas the formation of intracellular vac-
uoles is increased by a factor of 10 by PMA but

by <2 by fMLP (data not shown, and Robinson
etal., 1987).
The stimulatory effect of fMLP and PMA can-

not be attributed to a change in CR1 aggrega-
tion since CR1 does not spontaneously cluster
in neutrophils pretreated with either activator
of protein kinase C before prefixation and tag-
ging with anti-CR1 antibody revealed by anti-
lgG gold (present data and manuscript in prep-
aration). Thus protein kinase C activation seems
to stimulate CR1 internalization by a different
mechanism or at a different step than anti-CR1
antibody. Such a selective stimulation of the in-
ternalization of specific membrane proteins
could occur via changes in location or affinity
for the uptake mechanism. Such phenomenon
does occur during coated vesicle uptake of sev-
eral different membrane receptors, namely,
those that become phosphorylated in response
to protein kinase C (Jacobs et al., 1983; Cochet
et al., 1984; May et al., 1984; Changelian and
Fearon, 1986). Indeed, CR1 phosphorylation is
also induced by fMLP or PMA presumably via
activation of protein kinase C (Changelian and
Fearon, 1986). Hence, phosphorylation could be
a critical change that would somehow increase
the likelihood of CR1 -receptor incorporation into
vacuoles formed via plasma membrane ruffling
in neutrophils.

In conclusion, our results demonstrate that,
in the presence of anti-CR1 antibody, CR1 is
selectively endocytosed by neutrophils via a
macropinocytotic process independent of
coated pits and resembling phagocytosis in
several aspects, in particular its requirement for
intact microfilaments. The process of CR1 in-
ternalization is enhanced by the activation of
another class of receptors (receptors for fMLP)
via stimulation of protein kinase C or another
excitatory signal independent of [Ca21],. Such
cross-talking between chemoattractant recep-
tors and phagocytosis receptors might be of ut-
most physiological importance in vivo at the in-
flammatory sites, where neutrophils ready for
ingestion are stimulated by high concentrations
of chemoattractants.

Methods
Isolation of neutrophils
Neutrophils from normal donors were isolated at room tem-
perature from citrate-treated blood by dextran sedimenta-
tion, Ficoll-Hypaque cushions, and hypotonic lysis as pre-
viously described (Barrowman et al., 1987).

Reagents and buffers
fMLP, PMA, cytochalasin B, ionomycin, horseradish per-
oxydase type II, poly-L-lysine, and N-formyl-nle-leu-phe-nle-
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tyr-lys (fMLP hexapeptide analogue) were supplied by Sigma
Chemical Co., St. Louis, MO. N-ethyl-N'-(3-dimethylamino-
propyl)-carbodiimide-hydrochlorid was purchased from Fluka
Chemie AG, Buchs, Switzerland and pertussis toxin was
from List Biological Laboratories Inc. (Campbell, CO). The
cells were incubated in a medium containing 138 mM NaCI,
6 mM KCI, 1 mM MgSO4, 1.1 mM CaCI2, 100 AM EGTA, 1
mM NaH2PO4, 5 mM NaHCO3, 5.5 mM glucose, 20 mM N-
2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid, pH 7.4.
This medium will be referred to as "calcium medium"; cal-
cium-free medium will refer to this medium without CaCI2
but supplemented with 1 mM EGTA, i.e., [Ca2+]0 = 1 0- M.

Antibodies
Monoclonal anti-CR1 antibody (J3D3) was obtained and io-
dinated by the lodogen procedure as previously described
(Brown, 1986). F(ab)2 fragments of J3D3 were produced by
pepsin digestion, and Fab fragments by digestion, followed
by reduction and alkylation as previously described (Parham,
1986). The fragments were purified by FPLC (Pharmacia,
Sweden) liquid chromatography on Superose 12 so as to
obtain a single band on sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis. Goat anti-mouse IgG coupled to
colloidal gold (10 nm) was obtained from Janssen Life Sci-
ences Products (Beerse, Belgium). As determined by com-
puterized morphometric image analysis, 930/o of the gold
particles appeared as singlets.

Internalization of F(ab)2 fragments
PMV were incubated for 2 h at 40C in the presence of excess
labeled F(ab)2, as whole IgG of J3D3 mAb, and washed twice.
The cells were then warmed for various periods of time at
370C and the incubation was stopped by adding 5 volumes
of cold phosphate-buffered saline (PBS). Surface bound
material was removed by brief treatment (3 min) with 0.5
mg/ml trypsine at 370C, cell-bound, and supernatant was
assessed for radioactivity.

Incubation for electron microscopic
autoradiography
Purified neutrophils were divided into two batches at a final
cell concentration of 1 07/ml. The first batch was treated
with 250 ng/ml pertussis toxin for 2 h at 370C, whereas the
second (control) was left in buffer alone. After this incuba-
tion, the cells were washed twice and resuspended at a
concentration of 1 07 cells/ml at 40C for 1 h in the same
medium supplemented with 2% heat inactivated human
serum and 1251 anti-CRi antibody or 1251-Fab fragments of
anti-CR1 (=2 x 105 cpm). The cells were washed twice with
ice-cold buffer, warmed for 5 min at 370C before subsequent
incubation in the presence or absence of fMLP (10 -6 M) or
PMA (5 x 10-8 M) for various periods of time at 370C. In
experiments designed to test the role of cytosolic free cal-
cium, neutrophils incubated in the presence of the radio-
labeled antibody were washed twice, as described above,
before being resuspended in the same buffer without added
Ca2+ and with 1 mM EGTA (extracellular free calcium con-
centration = 1 0- M). Cells were then warmed for 4 min at
370C before adding the calcium ionophore ionomycin (1 0-6
M). One minute later, the cells were stimulated with fMLP
(1 0-6 M). Controls were treated as described but without
fMLP or PMA. In experiments where cytochalasin B was
used, the drug (1 o- M) was added just before the incubation
at 370C.
At the indicated times, aliquots from the different exper-

imental conditions were withdrawn and centrifuged at 200

x g for 5 min. The cell pellet was fixed with 20/o glutaral-
dehyde in cacodylate buffer (0.1 M, pH 7.4) for a minimum
of 2 h.

Quantitative electron microscopic
autoradiography
After fixation with glutaraldehyde, cells were postfixed in
osmium tetroxide and processed for quantitative electron
microscopic autoradiography as previously described (Car-
pentier etal., 1978). Thin sections were examined in a Philips
EM 301 electron microscope (Philips, Eindhoven, The Neth-
erlands) and autoradiographic grains were quantitatively
analyzed at a magnification of 12 OOOX on cells that were
judged to be well preserved.

For each incubation time in each experiment, three dif-
ferent Epon blocks were prepared and three sections were
cut from each block. Thus for each time point in each ex-
periment, nine separate grids were examined, out of which
300-400 autoradiographic grains (associated with 200-300
sections of different cells) were analyzed. A minimum of
three different experiments were performed for each con-
dition.
The association of the labeled material with the plasma

membrane of neutrophils was assessed quantitatively as
follows: a transparent plastic sheet on which a 250-nm circle
had been drawn was superimposed on each autoradio-
graphic grain; the grain was considered associated with the
plasma membrane if a segment of the latter was contained
within the circle. The number of such grains was then ex-
pressed as percent of the total number of grains counted.
Percent grains internalized was calculated as the percent
of total number of grains which were not associated with
the plasma membrane. Grains associated with the plasma
membrane were further separated according to the mor-
phology of the underlying segment: 1) coated pits, 2) non-
coated segments, and 3) unattributable. Grains were con-
sidered associated with coated pits if the grain center was
within 250 nm from this specialized segment of the cell sur-
face. They were categorized as unattributable when the ex-
act morphology of the plasma membrane could not be un-
equivocally identified. This approach has been extensively
used and validated in previous studies (Carpentier et al.,
1981, 1982, 1985).
The relationship of autoradiographic grains to intracellular

structures was determined by superimposing to each au-
toradiographic grain the 250-nm diameter circle. Grains
overlying the cytoplasm (>250 nm from the plasma mem-
brane) were divided into the following classes based on their
relation to the following structures: 1) large vacuoles and
cisternae, 2) azurophilic or specific granules, and 3) lyso-
somal structures (including multivesicular bodies). The data
were quantitated as previously described (Carpentier et al.,
1979, 1986).

Morphometry
The volume density (Vv) of the above-mentioned cytoplasmic
structures were determined on thin sections by the point
counting method (Weibel, 1969). Morphometric determi-
nations were made on photographic prints enlarged three
times (final magnification 36 OOOx) with a test screen (160
x 205 mm) in the form of a double-square lattice (with a
ratio of 1:9). The rectangular frame of the electron micro-
graph enclosed 891 test points, of which 99 were set off as
heavy points. The coarse grid was useful to estimate the
volume of the cytoplasm. The fine grid was used to estimate
the volume of the various structures mentioned above. The
volume density of each structure considered was then ex-
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pressed in percent of the total volume density of these
structures. The determinations were carried out under two
different incubation conditions: 2 min and 19 min of incu-
bation at 370C after a 2-h incubation at 40C in the presence
of '251 anti-CR1 antibody. For each of these conditions a
total of 48 pictures were analyzed. Random sampling was
ensured by photographing in the electron microscope the
closest neutrophil cytoplasm to each corner of 12 consec-
utive squares of the supporting grid. Pictures were taken
at an initial magnification of 12 OOOx.

Incubation with HRP
Neutrophils were incubated for 2, 5, or 15 min at 37°C in
the presence of 5 mg/ml of horseradish peroxidase in the
presence or absence of fMLP (10-7 M). At the end of the
incubation, cells were washed twice in 10 ml of calcium
medium at 40C before being fixed in glutaraldehyde 2.5%
in cacodylate buffer 0.1 M (pH 7.4). Cells were reacted with
diaminobenzidine and oxygene peroxyde according to Gra-
ham and Karnovsky (1966).

Incubation for immunoelectron microscopy
Freshly purified neutrophils (2 x 107) were first incubated
for 2 h at 4°C with anti-CR1 antibody (diluted 1/10). Cells
were then centrifuged (200 x g) for 5 min at 40C and re-
suspended in PBS supplemented with 1% fetal calf serum
(FCS). This washing procedure was repeated twice. Cells
were then either prefixed (see below) or further incubated
in the absence of antibody for various periods of time at
37°C in the presence or absence of fMLP (10-6 M) before
prefixation. Prefixation was carried out as proposed by Det-
mers et al. (1987) using a mixture of 1% ethyldimethylami-
nopropyl carbodiimide and 0.2% glutaraldehyde for 7 min
at room temperature. After centrifugation for 5 min at 200
x g at 40C, cells were incubated for 15 min in ice-cold 0.5
mg/ml NaBH. and then washed three times with ice-cold
medium. The cell pellet was finally resuspended in PBS sup-
plemented with 1% FCS. Cells were then exposed for 2 h
at 4°C to goat anti-mouse IgG coupled to 10 nm colloidal
gold particles (diluted 1/10 in PBS + 1% FCS). After two
washings (see above) neutrophils were fixed for 30 min at
room temperature with 2.5% glutaraldehyde in cacodylate
buffer (0.1 M pH 7.4). Cells were then either sedimented on
plastic coverslips (10 mm) precoated with 1% Poly-L-Lysine
for 15 min at room temperature for freeze-fracturing or
postfixed in osmium tetroxide and dehydrated for conven-
tional thin sections. Control incubations included omission
of the first antibody, replacement of the first antibody with
normal mouse IgG, and addition of the anti-CR1 antibody
after the prefixation following a 40C incubation. While in the
first two conditions we did not see any significative labeling,
in the third condition the labeling pattern was similar to that
observed when the anti-CR1 antibody was added at 40C
before prefixation.

Freeze-fracture
Fixed, labeled PMN adherent to plastic coverslips were im-
pregnated for 2 h in 30% (vol/vol) glycerol in 0.1 M caco-
dylate buffer, pH 7.4; the coverslips were cut into 1.5 x 0.5
mm squares, inverted on specimen carriers (Balzers, Liech-
tenstein), and freeze-fractured at -110°C in a Balzers BAF
301 apparatus according to Pauli et al. (1977). Fractured
faces were replicated by platinum/carbon evaporation. As
described by Pinto da Silva and Kan (1984), the replicas
were washed by successive floatings on distilled water only
and then mounted on Parlodion-coated grids (Mallinckrodt
Chemical Works, St. Louis, MO) in such a way that the re-

maining attached cell fragments were sandwiched between
the replica and the copper grid.

Quantitation
The size of receptor clusters was determined by counting
the number of gold particles associated in each distinguish-
able cluster on label fracture samples. Gold particles < 20
nm apart were included in the same cluster. For each con-
dition, in each experiment, an average of 1000 gold particles
was counted on the first 20-25 fractured E-face of PMN
encountered. The percentage of total gold particles in each
size cluster was determined. The experiments were re-
peated on cells from three different individuals.
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